Apical membrane antigen 1 (AMA1) is currently one of the leading malarial vaccine candidates. Anti-AMA1 antibodies can inhibit the invasion of erythrocytes by Plasmodium merozoites and prevent the multiplication of blood-stage parasites. Here we describe an anti-AMA1 monoclonal antibody (MAb 1F9) that inhibits the invasion of Plasmodium falciparum parasites in vitro. We show that both reactivity of MAb 1F9 with AMA1 and MAb 1F9-mediated invasion inhibition were strain specific. Site-directed mutagenesis of a fragment of AMA1 displayed on M13 bacteriophage identified a single polymorphic residue in domain I of AMA1 that is critical for MAb 1F9 binding. The identities of all other polymorphic residues investigated in this domain had little effect on the binding of the antibody. Examination of the P. falciparum AMA1 crystal structure localized this residue to a surface-exposed ␣-helix at the apex of the polypeptide. This description of a polymorphic inhibitory epitope on AMA1 adds supporting evidence to the hypothesis that immune pressure is responsible for the polymorphisms seen in this molecule.
Malaria is currently one of the most significant causes of morbidity and mortality in the developing world, with up to 500 million new cases annually, mainly in sub-Saharan African children (37) . With the increase in antimalarial drug resistance, there is a growing requirement for an effective vaccine directed towards Plasmodium falciparum, the causative agent of the most lethal form of the disease. There are currently a number of vaccine candidates under development, some of the most promising of which are derived from asexual blood-stage antigens found on the merozoite surface. One of these is apical membrane antigen 1 (AMA1). AMA1 undergoes at least three posttransitional proteolytic processing events and has recently been shown to be expressed by sporozoites, the infective stage injected into the human host by an infected anopheline mosquito (20, 36) . Animal studies using murine and simian models of the human infection (1, 11, 38) and analyses of the anti-AMA1 antibody response of infected humans (18, 30, 34) have shown that particular anti-AMA1 antibodies inhibit invasion of host erythrocytes by the P. falciparum merozoite and thereby interrupt the multiplication of the parasite in the human host.
The function of AMA1 is unknown, as is the mechanism by which antibodies prevent merozoite invasion, but there is a general consensus that AMA1 plays an important role in the invasion process. All apicomplexa examined to date, including Plasmodium spp., possess a gene encoding an AMA1 polypeptide, indicating a conserved role for this molecule in apicomplexan biology (6, 17) . AMA1 has the primary structure of a typical type 1 integral membrane protein with conventional signal and transmembrane sequences and a cytosolic domain (10) . The ectodomains of all plasmodial AMA1 molecules sequenced thus far contain a conserved pattern of cysteine residues forming intramolecular disulfide bonds that define three subdomains within the ectodomain. Immunization studies have shown that correct disulfide connectivities are required in order to elicit a protective immune response (1, 18, 29) . It is therefore extremely likely that any AMA1-based vaccine would require correct tertiary structure in order to elicit an effective antiplasmodial immune response.
Despite the conserved tertiary structure, sequence polymorphisms exist at more than 60 residue positions in the ectodomain (8, 9, 32, 33) . The characterization of these polymorphisms and of their distribution in P. falciparum populations suggests that they have arisen as a result of positive selection (2, 14) , most probably exerted by the immune response of the human host. These conclusions from population genetic studies are supported by experimental evidence that the sequence polymorphisms in AMA1 allow parasites to avoid the inhibitory effects of anti-AMA1 antibodies. First, immunization of mice with recombinant Plasmodium chabaudi DS AMA1 conferred almost complete protection against homologous infectious challenge but little protection against heterologous challenge with P. chabaudi 556KA (11) . Second, the results of in vitro invasion inhibition assays have demonstrated that rabbit antisera generated by immunization with recombinant AMA1 were strongly inhibitory towards homologous parasites but less inhibitory when tested against either of two heterologous parasite strains (16, 18, 22) . Third, naturally acquired human antibodies purified on recombinant, refolded 3D7 AMA1 potently inhibited the invasion of 3D7 merozoites in vitro but were less inhibitory for other strains of P. falciparum (18) .
The sequence polymorphisms in the AMA1 ectodomain modify the polypeptide such that it is no longer a target for inhibitory antibodies, but in doing so they must not compromise the overall fitness of the molecule. These competing effects would create clusters of polymorphisms along the polypeptide chain where polymorphic positions represent mutation-tolerant, surface-exposed residues interspersed with non-surface-exposed and/or functionally critical but mutationintolerant residues. This is the case in P. falciparum AMA1 (8, 32, 33) , with polymorphisms particularly clustered in domain I. A majority of the P. falciparum AMA1 sequence polymorphisms described are dimorphic; i.e., there are only two alternative amino acids at a residue position in the primary sequence. The remainder have between three and seven alternative amino acids. The relative contributions of dimorphic and polymorphic residues to the evasion of inhibitory antibodies are unknown, but some evidence indicates that the highly polymorphic sites have a more important role than the dimorphic sites (16, 18, 22) .
Mapping the epitopes of monoclonal antibodies (MAbs) is a direct approach to establishing which sequence polymorphisms are important for antibody binding. The inhibitory MAb 4G2dc1, which has been studied extensively (13, 23, 31) , reacts with AMA1 from a wide variety of P. falciparum isolates and also with Plasmodium reichenowi AMA1. Site-directed mutagenesis experiments have shown that the 4G2dc1 epitope is contained largely in a conserved but poorly structured loop of domain II (31) . 4G2dc1 binding peptides that we selected from a random peptide library induced antibodies that inhibited invasion of the 3D7 and HB3 strains of P. falciparum (5) . These peptides have no obvious homology with AMA1 but are likely to mimic the topology of the inhibitory epitope on the surface of AMA1. These studies and others with polyclonal antibodies show that conserved regions of AMA1 are capable of inducing an effective anti-AMA1 antibody response despite the importance of polymorphic regions previously discussed.
In previous work we have used phage display of AMA1 fragments as a convenient means of mapping epitopes of both polyclonal and monoclonal antibodies. This technique showed the binding of human antibodies to AMA1 domain III to be particularly dependent on the C490-C507 disulfide bond and resolved the cysteine connectivities in this region of AMA1 that were not clear from the nuclear magnetic resonance data (29) . We have also mapped the epitopes of two MAbs (5G8 and 1F9) to the prodomain and domain I, respectively, using random fragments of AMA1 displayed on phage (7); MAb 5G8 recognized a linear epitope N terminal to the first conserved cysteine, whereas MAb 1F9 recognized a conformational epitope requiring a single disulfide bond (C217-C247) to be in place. In the present study we report that the anti-AMA1 MAb 1F9 is a potent inhibitor of merozoite invasion in vitro. We show that the highly polymorphic region of AMA1 N terminal to C217 is essential for MAb 1F9 binding and that single amino acid substitutions at the most highly polymorphic site in AMA1 (residue 197) abolish MAb 1F9 binding.
MATERIALS AND METHODS

Antibodies.
The generation and characterization of the anti-AMA1 antibodies used in this study have been described previously (7, 16) .
Parasite culture. P. falciparum strains were cultured as previously described and were synchronized by the sorbitol method (25, 39) .
Immunoblotting. Synchronized schizont-stage parasites (5 ϫ 10 6 ) were purified from a majority of the uninfected erythrocytes by the Percoll purification method (24) , extracted by washing in 0.03% saponin, and solubilized in 50 ml sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. The solubilized parasites were then incubated at 100°C for 10 min, separated using 4 to 20% NuPAGE (Invitrogen) Bis-Tris SDS-PAGE under nonreducing conditions, and electroblotted onto a polyvinylidene difluoride membrane. The membrane was blocked with 10% skim milk in phosphatebuffered saline (PBS) and developed with 2 g ml Ϫ1 of either MAb 1F9, 2C5, or 5G8 or a pool of rabbit anti-3D7, -D10, -HB3, and -W2 mef AMA1 antisera in PBS, followed by 1g ml Ϫ1 peroxidase-conjugated rabbit anti-mouse or goat anti-rabbit immunoglobulin G (Chemicon) accordingly. The blots were then visualized by ECL (Amersham).
ELISAs. For assays involving binding of recombinant refolded AMA1 to MAbs 1F9, 2C5, and 5G8, 100 l AMA1 (1 g ml Ϫ1 ) in coating buffer (0.1 M sodium carbonate, pH 9.5) was applied to Maxisorp (Nunc) enzyme-linked immunosorbent assay (ELISA) plate wells overnight at 4°C. The plate was then washed in carbonate coating buffer and blocked in 10% (wt/vol) skim milk in coating buffer. The plate was washed three times in PBS-Tween (0.1%, vol/vol). Dilutions of MAbs (100 l) were then added to the wells, incubated for 4 h at room temperature, and washed three times. One hundred microliters of peroxidase-conjugated sheep anti-mouse antibodies (Chemicon) was then added to each well, incubated at room temperature for 1 h, washed four times, and developed with 100 l H 2 O 2 /tetramethylbenzidine substrate (Sigma). The reaction was stopped by the addition of 50 l 2 N HCl, and then the absorbance was read at 450 nm.
For assays involving binding of phage-displayed AMA1 fragments to either MAb 1F9 or 9E10, 5 g ml Ϫ1 antibody in coating buffer was added to the plate and allowed to adsorb to the plastic overnight at 4°C. The remainder of the ELISA was performed as described above with the following modifications. AMA1-displaying phage preparations were diluted in PBS-Tween and 100 l added to wells of the ELISA plate. The plate was incubated for 1 h at room temperature and washed four times with PBS-Tween. Peroxidase-conjugated anti-M13 MAb (Amersham) was then added to each well and incubated, and the ELISA was developed as discussed above. All assays were carried out using duplicate wells.
Invasion inhibition. Invasion inhibition assays were carried out as previously described (4, 22) . Briefly, antibody preparations were extensively dialyzed against human tonicity PBS and diluted to four times their final assay concentration in human tonicity PBS. Fifty milliliters of antibody dilution was placed in three replicate wells of a 96-well flat-bottom flat-well tissue culture plate (Nunc). Fifty microliters of complete culture medium was added to the wells, and then 50 ml of mature, synchronized parasites was added to each well to give a 0.3% parasitemia and 2% hematocrit. Uninfected red blood cell (RBC) controls and controls without antibody were included. The assay mixture was incubated for 40 h at 37°C in a moist atmosphere of 94% N 2 , 1% O 2 , and 5% CO 2 . The assay was then developed as previously described (4, 22) , and the percent inhibition was calculated using the following formula:
Cloning of AMA1 fragments and domain I into phagemid vector pHENH6. Oligonucleotide primers were designed in order to clone 3D7 AMA1 domain I and fragments thereof into the phagemid vector pHENH6 via PstI and NotI restriction sites (the cloning strategy is illustrated in Fig. 1.) . PCR was carried out using P. falciparum 3D7 genomic DNA as the template. PCR products and pHENH6 vector were restriction digested, and ligations were carried out using Ready-to-Go T4 ligase (Pharmacia). After purification, the ligation products were used to transform electrocompetent TG1 Escherichia coli, followed by overnight culture on 2ϫ yeast extract-tryptone (YT) agar containing 50 g ml Ϫ1 ampicillin. The resulting colonies were screened by PCR for the presence of an insert of the correct size. These PCR products were sequenced to confirm correct sequence integrity, orientation, and frame.
Preparation of phage clones. TG1 clones containing the pHENH6/AMA1 fragments were grown to an optical density of 2.0 in 10 ml of 2ϫ TY broth with 50 mg ml Ϫ1 ampicillin. M13K07 helper phage (1 ϫ 10 12 PFU) was added and allowed to infect, and then 10 ml culture was added to 200 ml "superbroth" containing 70 g ml Ϫ1 kanamycin and 50 g ml Ϫ1 ampicillin and incubated at 37°C for 16 h with shaking to allow for phage production. The phage preparation was centrifuged at 8,000 ϫ g for 15 min to pellet the bacteria, and 50 ml 5ϫ polyethylene glycol-NaCl solution was added to the supernatant containing the phage. The phage-polyethylene glycol was incubated on ice for 4 h to allow the phage to precipitate. Following phage precipitation, the preparation was centrifuged at 8,000 ϫ g for 15 min in order to pellet the phage. The supernatant was discarded, and the phage was resuspended in 1 ml PBS and stored at Ϫ70°C. (19) , with the relative position of the MAb 1F9-reactive fragment indicated. (C) Diagrammatic representation of the cloning approach taken in order to display AMA1 domain I and fragments thereof on M13 bacteriophage. The AMA1 sequences were ligated in frame into pHENH6 phagemid vector. Kunkel mutagenesis was carried out on single-stranded DNA derived from these ligation products.
Phage clones were normalized for insert concentrations using the c-Myc epitope tag immediately downstream from the NotI site in the pHENH6 vector. An ELISA was performed using MAb 9E10 (anti-Myc) on serial dilutions of individual phage preparations displaying the various AMA1 fragments to be analyzed. The phage preparations were then diluted such that they all produced similar titration curves when the ELISA was repeated on those dilutions. At this point the preparations all possessed similar levels of Myc epitope tag and therefore equivalent levels of the respective AMA1 fragments.
Generation of phage-displayed AMA1 mutants. Phage displaying the 3D7 AMA1 domain I were cultivated in E. coli CJ236 in the presence of uridine to yield phage particles containing single-stranded, uracilated DNA genomes, and single-stranded DNA was purified (QIAGEN). Mutants were generated using the Kunkel method (35) . Briefly, mutagenizing oligonucleotides were designed, phosphorylated, and allowed to anneal to the previously purified single-stranded DNA. Double-stranded DNA was generated by the addition of T7 polymerase, deoxynucleoside triphosphates, and T4 ligase. After double-stranded DNA generation and purification, electrocompetent E. coli TG1 was transformed and propagated on 2ϫ TY agar containing 50 g ml Ϫ1 ampicillin overnight at 37°C. PCR analysis was carried out on the resulting colonies using oligonucleotide primers designed to amplify the insert with a short sequence of flanking vector. The PCR products were sequenced in order to confirm the presence of the mutation. Phage preparations of the mutant AMA1 domains I were then propagated as described above.
RESULTS
MAbs 1F9 and 2C5 are reactive with P. falciparum AMA1 in a strain-specific manner. The specificities of the anti-P. falciparum AMA1 monoclonal antibodies were analyzed by ELISA ( Fig. 2A) and immunoblotting (Fig. 2B ) using recombinant and parasite-derived sources of AMA1. MAb 1F9 bound to recombinant refolded 3D7-and D10-derived AMA1 but showed very little reactivity with recombinant AMA1 derived from HB3 or W2 mef . MAb 1F9 recognized both the 83-kDa unprocessed and 66-kDa processed forms of parasite-derived AMA1 from 3D7 and D10 but failed to recognize AMA1 expressed by HB3 or W2 mef parasites (Fig. 2B) . This was consistent with the ELISA data and strongly suggests that the lack of reactivity is due to the sequence differences in domain I between 3D7 and the latter two strains. The MAb 2C5 reaction pattern was identical to that of MAb 1F9 in both ELISA and immunoblots. MAb 2C5 requires the entire correctly folded ectodomain for reactivity (J. Schloegel, personal communication) and therefore must recognize an epitope distinct from that of MAb 1F9 but common to both the 3D7 and D10 strains. In contrast to MAbs 1F9 and 2C5, MAb 5G8 reacted equivalently with all four recombinant AMA1s ( Fig. 2A) and therefore acted as a convenient control to standardize the level of AMA1 bound to the assay plate. In immunoblots of parasitederived material, this antibody recognized only the unprocessed (83-kDa) form of AMA1 from all four strains, consistent with the presence of the A-Y-P epitope motif (7) present in the prosequence of AMA1 from every strain of P. falciparum. The pooled rabbit anti-AMA1 reagent recognized the unprocessed (83-kDa) and processed (66-kDa) forms of AMA1 from all strains of parasite tested (Fig. 2B) , indicating approximately equivalent levels of AMA1 in each lane.
MAb 1F9 but not MAb 2C5 inhibits the invasion of erythrocytes by 3D7 and D10 merozoites. It is clear that MAb 1F9 is a potent inhibitor of invasion of D10 and 3D7 parasites but not of HB3 or W2 mef (Fig. 3A) . MAb 2C5 exhibited little or no inhibition at the same antibody concentrations (Fig. 3B) . Rabbit anti-AMA1 immunoglobulin G (18) used in the same assay inhibited invasion with significantly higher potency than MAb 1F9 (Fig. 3C) .
Defining the "minimal" antigen requirement for 1F9 reactivity. In an attempt to define the minimal requirements for reactivity with the inhibitory MAb 1F9, a fragment of AMA1 domain I spanning residues 179 to 247 was expressed on phage. This 69-residue fragment contains the MAb 1F9 binding region previously reported (7). Phage-expressing fragments progressively truncated from the N terminus were also produced (see Fig. 1B for relative positions in domain I). MAb 1F9 was reactive with the full-length fragment (residues 179 to 247) and with the fragment truncated by 12 residues (residues 191 to 247) but not with any of the other truncated fragments (residues 199 to 247, 204 to 247, and 209 to 247) (Fig. 4) . All fragments were expressed equally as judged by their reactivity with the antibody to the Myc tag (29) .
Amino acid polymorphisms within AMA1 are responsible for loss of reactivity with MAb 1F9. The fragment of AMA1 recognized by MAb 1F9 is the most polymorphic region of AMA1 and includes residue 197, the most polymorphic site in AMA1 (see Fig. 1A for sequence information). Because the loss of a seven-residue sequence (residues 191 to 198), which included residue 197, ablated MAb 1F9 binding, polymorphism scanning was used to assess the significance of this residue for MAb 1F9 binding. Phage displaying wild-type and mutated forms of P. falciparum 3D7 AMA1 domain I were assayed for reactivity with MAb 1F9. Mutation of residue 197 (E in 3D7) to D (as found in W2 mef ), H, G, or R completely abolished binding of MAb 1F9 (Fig. 5) . Mutating this residue to either Q (as in HB3) or V resulted in significantly reduced reactivity. These results are consistent with the earlier finding when MAb 1F9 reactivity was assayed by ELISA on the recombinant ectodomains derived from 3D7, HB3, and W2 mef ( Fig. 2A) 
DISCUSSION
In this study we describe two MAbs (1F9 and 2C5) that bind P. falciparum AMA1 in a conformation-dependent manner, but only one (1F9) is capable of inhibiting merozoite invasion in vitro. Furthermore, we have demonstrated that the binding of MAb1F9 can be prevented by mutations at residue 197, the most polymorphic site in AMA1. This result provides evidence supporting the hypothesis that the cluster of sequence polymorphisms in domain I of AMA1 have been selected for by protective antibody responses (16, 18, 32, 33) .
Because conformational epitopes in AMA1 are important for protection against malaria (1), in this study we sought to determine the fine structure of a conformation-dependent inhibitory epitope of AMA1 and to assess the impact of naturally occurring sequence polymorphisms within this epitope on antibody binding. Of the four strains of P. falciparum tested here, only the invasion of 3D7 and D10 was inhibited by MAb 1F9. The lack of sensitivity of HB3 and W2 mef parasites to inhibition by MAb 1F9 correlates with the lack of reactivity seen in the ELISA and immunoblot experiments and confirms the strain specificity of this antibody. The sequences of 3D7 and D10 AMA1 are identical in domain I but differ in domains II and III. As we have localized the MAb 1F9 binding site to domain I, it is perhaps not surprising that these parasite strains were both inhibited by this MAb. MAb 2C5, which recognizes a complex conformational epitope in 3D7 and D10 AMA1 requiring the presence of domains I, II, and III (data not shown), did not inhibit invasion. This indicates that antibody binding to conformational epitopes per se is not sufficient to confer invasion inhibition. The number and location of inhibitory epitopes on the surface of AMA1 remain to be determined, but it is clear from this and previous studies that domains I, II, and III are all targets of inhibitory antibodies (7, 29, 31) .
The greater potency of the polyclonal anti-AMA1 preparations compared to MAb 1F9 (Fig. 3. ) might reflect the additive or even synergistic effect of antibodies recognizing multiple distinct epitopes on the surface of AMA1. Such an effect has been reported in antibody-mediated neutralization of human immunodeficiency virus (27) . MAb 1F9 was initially described in our earlier study (7) in which we identified a 57-residue fragment of AMA1 domain I comprising residues 191 to 247, including the disulfide-bonded C217 and C247. This fragment was necessary and sufficient for MAb 1F9 binding. Shorter fragments generated by successive truncations from the N terminus of the 57-residue fragment did not retain MAb 1F9 binding. Therefore, either contact residues for MAb 1F9 reside in the eight-amino-acid sequence between residues 191 and 199 or deletion of these residues prevented this fragment of AMA1 from adopting the native fold. Two polymorphic residues reside within this eight-residue sequence. Residue 196 is strictly dimorphic, but 197 is the most polymorphic residue in the AMA1 ectodomain, with eight different amino acids described at this position. The results of population genetic studies have indicated that residue 197 may be important in immune evasion (32, 33) , and here we have established that residue 197 is important for the binding of an inhibitory, strain-specific MAb, MAb 1F9. Several mutations were created in the context of 3D7 AMA1 domain I; these substitutions in AMA1 were selected to reflect the gene sequences identified in parasite isolates from Africa and Papua New Guinea (8, 9, 32, 33) . Since these mutations are found in parasites in the field, the possibility that the overall structure of AMA1 will be disrupted due to the introduction of the mutation is significantly reduced. Of the mutations generated in this study, only those at position 197 resulted in a reduced affinity of MAb 1F9 for AMA1 domain I. With the exception of position 197, no polymorphic residues studied contribute to the MAb 1F9 epitope, as substitution at these positions had little effect on MAb 1F9 binding. One caveat to this was the 242 position, where the replacement of D with Y consistently resulted in an increase in MAb 1F9 binding. Taken together, the experimental information localizes the MAb 1F9 epitope to a short fragment of AMA1 domain I. Five of the six polymorphic residues mutated in this study are located at one end of the fragment, and the sixth residue is located at the other end ( Fig.  6A and B) . Although residue 197 is a critical component of the epitope, other residues within this fragment must be involved (Fig. 6.) . Residue 197 is located on a surfaceexposed turn of the ␣-helix. The polymorphic residues 196, 242, 243, and 244 that were shown here not to contribute to the 1F9 epitope are in close proximity to residue 197 on the surface of AMA1. However, the structure shows that other polymorphic residues are also in close proximity to residue 197, and it will be a priority to examine the importance of these residues in future studies.
Of the two MAbs used in this study that recognize conformational epitopes on AMA1, one (1F9) was inhibitory whereas the other (2C5) was noninhibitory. The extensively studied 4G2dc1 inhibitory MAb (7, 13, 31) also recognizes a conformationally dependent epitope. Although we have identified residue 197 as a major component of the inhibitory epitope defined by MAb 1F9, until recently a detailed molecular description of the MAb 4G2 epitope has not been available. The broad reactivity of MAb 4G2 with AMA1 molecules from a variety of P. falciparum strains suggests that nonpolymorphic residues contribute substantially to the epitope. Pizarro and colleagues (31) carried out alanine replacements for several residues within P. falciparum AMA1. The residues shown to affect 4G2dc1 binding were identified as nonpolymorphic, and most were localized to a conserved region of domain II in P. falciparum AMA1. It has been previously noted that AMA1 has a "polymorphic" face and a "nonpolymorphic" face, and the positions of the 1F9 and 4G2dcl epitopes on these two faces of the protein are shown in Fig. 6C . Although they are on opposite sides of AMA1, both epitopes flank a deep hydrophobic cleft on the surface of the molecule. It is possible that the interaction of a ligand with this hydrophobic cleft is an important step in the invasion pathway and that binding of either MAb 1F9 or 4G2dc1 could partially obscure this cleft and therefore prevent this interaction. This possible explanation of the invasion-inhibitory properties of these two very different MAbs is currently under investigation in our laboratory. MAb 1F9 is one of several reagents, including peptides, small proteins, and antibodies, that inhibit invasion and bind to AMA1 (5, 7, 15, 21, 26, 30) . Several of these other reagents compete with MAb 1F9 for binding to AMA1 and are therefore likely to bind to the same area of the protein in order to exert their inhibitory effects. Therefore, it is possible that the fragment described in this study is part of a functional "hot spot" on the surface of AMA1, as previously described. It is conceivable that this hot spot is a component of the hydrophobic cleft and may represent an attractive target for small-molecule antimalarial therapy. The identity of residue 197 is clearly important for MAb 1F9 binding, but its importance in a naturally acquired, protective antibody response to AMA1 is unclear. Nevertheless, it would be desirable that an antibody response by an AMA1 vaccine not be dominated by specificities recognizing the MAb 1F9 epitope. With this in mind, consideration should be given to the nature of this and other polymorphic residues in the design and formulation of an AMA1-based vaccine in order to provide protection against a wider cohort of AMA1 genotypes.
The approach taken in this study was to analyze the effect of single polymorphisms introduced into the 3D7 AMA1 domain I on binding of MAb 1F9 when displayed on the surface of M13 bacteriophage. Phage display has been used successfully to identify epitopes in a variety of systems (7, 12, 28) , and the technique relies on the faithful display of both continuous and discontinuous epitopes within the proteins displayed on M13 phage. M13 phage display has been shown to allow the formation of even complex epitopes due to the periplasmic folding of proteins during phage production. Previously we have described the display of the complete AMA1 ectodomain in addition to the individual domains on phage and have shown their utility in epitope mapping and structural analyses (7, 29) . In this study we have exploited the technology for functional analysis of individual polymorphisms within AMA1. We believe the approach of polymorphism-scanning mutagenesis is a suitable method for determining the effects of individual or multiple polymorphisms on the binding of antibodies to their respective antigens. It obviates the often expensive and timeconsuming need to produce multiple recombinant proteins or protein domains, some of which require complex folding and disulfide bonding in order to represent the authentic antigen. Polymorphism scanning also offers a relatively high-throughput procedure for the study of polymorphic residues in vaccine candidate molecules such as P. falciparum AMA1. It is likely that the approach taken here is highly suitable for the analysis of the immunological significance of polymorphisms in other protein antigens, both in malaria parasites and in other pathogens.
